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Abstract
Purpose: Live non-invasive monitoring of biomarkers is of great importance for the medical 
community. Moreover, some studies suggest that there is a substantial business gap in the 
development of mass-production commercial sweat-analyzing wearables with great revenue 
potential. The objective of this work is to quantify the concentration of biomarkers that reaches 
the area of the garment where a sensor is positioned to advance the development of 
commercial sweat-analyzing garments.
Methodology: Computational analysis of the microfluidic transport of biomarkers within eccrine 
sweat glands provides a p werful way to explore the potential for quantitative measurements 
of biomarkers that can be related to the health and/or the physical activity parameters of an 
individual. The numerical modelling of sweat glands and the interaction of sweat with a textile 
layer remains however rather unexplored. This work presents a simulation of the production 
of sweat in the eccrine gland, reabsorption from the dermal duct into the surrounding skin and 
diffusion within an overlying garment.
Findings: The model represents satisfactorily the relationship between the biomarker 
concentration and the flow rate of sweat. The biomarker distribution across an overlying 
garment has also been calculated and subsequently compared to the minimum amount 
detectable by a sensor previously reported in the literature. The model can thus be utilized to 
check whether or not a given sensor can detect the minimum biomarker concentration 
threshold accumulated on a particular type of garment.
1. Introduction
There has been increased interest in personal health monitoring in recent years. Currently, 
systems available for the general public fail however to offer deep insight into body physiology 
and tend to focus primarily on the heart rate and calorie consumption. For detailed health 
condition insight, blood tests continue to be the preferred method, which is however invasive, 
time-consuming, and does not provide live information [1]. Sweat analysis on the other hand 
proves a valuable non-invasive alternative to blood testing, as sweat is derived from blood 
plasma and is therefore composed of similar biomarkers to those found in blood. Unlike blood, 
sweat can be collected continuously, which poses a substantial advantage for continuous 
health monitoring. For instance, analyzing sweat can provide a wealth of data on electrolyte 
levels to measure dehydration, exercise fatigue via lactic acid build-up, kidney problems 
detected through urea concentrations, and diagnosis of infection or cancer by measuring 
cytokine levels [2,3].
Research has thus been conducted in the past to develop non-invasive sensors that can 
continuously collect sweat to gain insight into the relationship between sweat production and 
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biomarker concentration [4–11]. For instance, Parlak et al. [12] recently (2018) reported a 
molecularly selective wearable sensor for cortisol detection. Other instances include the nylon-
6/MWNT/calixarene sensor developed by Wujcik et al. [13] to detect the concentration of Na+ 
in sweat and that will be used in this work for the purpose of comparison with the simulation 
data. Finally, a compilation of stress biomarkers and biosensors including their Point-of-Use 
was gathered by Steckl and Ray [14]. A substantial research effort has thus been applied for 
the development of improved sensors to collect and analyse sweat.
Sweat-collecting sensors can be embedded into clothing to continuously collect physiological 
data from individuals and send the results over to medical monitoring devices. The smart 
textile industry is an uncontested market space, with few commercially available products and 
considerable growth prospects. In fact, forecasts are that the smart textile market size will 
reach $5.55 billion by 2025 [15]. There are numerous fields that will benefit from sweat-
analyzing smart textiles, although the medical industry will undoubtedly be the area with the 
greatest number of applications [16–19]. Healthcare is seeing a shift from treatment to 
prevention focus, and daily monitoring increases the chance of early detection of 
abnormalities. Electrolytes (specifically ,  and other ions) in sweat can help with 𝑁𝑎 + 𝐾 +
determining dehydration for instance. Measuring lactate levels in athletes can help monitor 
exercise intensity thus aiding in intensity adaptations during training [20]. Also, detection of 
cytokines from sweat when there is trauma, infection or potentially even cancer [21] and 
cortisol [22] are also important future applications of smart textiles in the field of medicine. 
Nonetheless, there is also the possibility of combining mechanical systems with sweat sensing 
textiles to administer drugs when necessary [23].
There are two types of sweat glands in the human body: apocrine and eccrine glands.  
Apocrine glands are associated with hair follicles and produce sweat with little biomarkers 
though. They have therefore been ignored in this work. Eccrine sweat occurs for thermo-
regulation and contains almost all of the biomarkers found in blood. Eccrine glands are 
comprised of a secretory coil in contact with blood capillaries and contain a main duct that 
goes through the dermal layer, opening onto the surface of the skin [1]. An illustration of the 
eccrine sweat gland as well as a three-dimensional representation of the numerical domain 
that represents it are included in Figure 1, where the areas represented by the model have 
been highlighted in light purple. A comprehensive look at the literature reveals that the 
modelling of sweat secretion and distribution over an underlying garment is rather scarce to 
the best of our knowledge. Some mathematical studies on moisture migration through a 
porous medium with potential applications to the textile industry can be found [24–27], but no 
simulation of the flow in a sweat duct discharging into a garment has been reported. Although 
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rather costly, an experimental set-up has also been developed lately to simulate sweat 
production and help with the development of protective clothing [28].
Sweating and biomarker diffusion through the sweat duct and the surrounding skin are 
complex phenomena, as water and other molecules and ions are reabsorbed to the main duct 
wall. These aspects need to be understood in order for sensors on the smart-textiles to be 
properly calibrated for the analysis of sweat. + and - are two of the most common 𝑁𝑎 𝐶𝑙
biomarkers in sweat and, as they do not evaporate, their presence is an indirect measure of 
sweat flow rate, which can be used to calibrate sensors. Sonner et al. [1] determined a 
theoretical equation to describe the reabsorption of ions into the layers of skin which surround 
the sweat duct, ultimately providing the relationship between sweat flow rate and biomarker 
concentration at the skin surface. The curve shape defining this relationship has been 
successfully reproduced in the model presented herein. 
In order to cover the gap in the available literature, this work focuses on modelling sweat flow 
and biomarker distribution and re-absorption which should provide data similar to those 
predicted by the theoretical expression of Sonner et al [1]. Also the results from this work have 
been successfully compared to experimental data available in the literature (Buono et al. [29]). 
More importantly, the present work reports the interaction of sweat and biomarkers with 
garments. Samples of compression garments were provided by commercial partners Armony 
Fit Ltd. (https://armonyfit.com/), a compression clothing enterprise based in the United 
Kingdom, which have demonstrated interest in incorporating sweat-analyzing sensors into 
compression sports clothing. The manufacturing of sweat-analyzing garments demands a 
certain degree of understanding of biomarker flow to the surface of the skin, as well as the 
interaction of sweat with the textile and sensor. The fiber structure from the samples was 
added to the model to provide a more realistic simulation. This model provides thus a first-
hand insight into how sweat and biomarkers interact with overlying textiles, and creates a 
basis for future research and ultimately production of bio-sensing smart compression clothing.  
The article is organised as follows. Section 2 provides the details concerning the development 
of the model, with a detailed description of the simulation set-up. A comprehensive grid 
convergence study based on the application of the Richardson extrapolation method [30] 
follows in the same section. Section 3 presents the results, showcasing the transient 
distribution of biomarkers across the garment, monitoring the concentration values at two 
meaningful spots (the surface of the skin and the sensor inlet) and highlighting whether or not 
the biomarker concentration found is enough to be detected by a sweat sensors described in 
the literature. Finally, the conclusions of the study, including general directions of value to the 
smart clothing industry are provided in Section 4.
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Figure 1. Schematic illustration of a sweat duct on the left-hand side [1], and the part of the 
computational domain representing it in the present model on the right-hand side. The latter 
has been depicted in three-dimensions for best visualization. Also note that the overlying 
garment is not shown in the schematic of the computational domain on the right-hand side.
2. Methodology
The model was developed using the commercial Finite Element Method (FEM) solver 
COMSOL Multiphysics v5.4. The sweat gland was represented as a linear duct divided in the 
three sections shown on the right-hand side schematic in Figure 1 (dimensions in Table 1). 
The three sections are the upper coil (marked as A in Figure 1), the free flow dermal duct 
(marked as B) and the duct membrane (section C). The latter was defined as a porous zone 
with porosity =0.6 and its purpose was to account for the reabsorption of biomarkers into the 𝜀
skin layers surrounding the sweat duct [1]. The upper duct consists only of a free flow zone, 
as reabsorption does not occur in this part of the sweat duct.
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Figure 2. Subplot A shows a microphotograph of the top view of the garment fabric (10x zoom). 
Subplot B depicts the relationship between the two-dimensional computational domain and 
the garment (microphotograph at a 4x zoom). Subplot C shows the boundary conditions of the 
geometry ensemble sweat duct plus garment, where a three-dimensional schematic has been 
included to assist the reader with the interpretation of the numerical domain.
The dimensions of sections A and B of the sweat duct have been obtained from data published 
by Sonner et al. [1] and are indicated in the following Table 1.
Table 1. Dimensions of the sweat duct [1].
Section Radius [µm] Height [mm]
Upper Coil (A) 22.5 0.2
Dermal duct (B) 7.5 2.05
The literature indicates that the sweat production rate in an adult varies between =0–20 nL𝑄 ∙
min-1 per sweat gland. This is the range of values for the sweat flow rate that has been included 
in the present simulation set-up. Sweat is mostly comprised of water and therefore the density 
and dynamic viscosity are set to =1000 kg m-3 and =1 mPa s. Standard values for the 𝜌 ∙ 𝜇 ∙
concentration of both - and + in sweat is in the range between [ -],[ +] 10–100 mol m-3 𝐶𝑙 𝑁𝑎 𝐶𝑙 𝑁𝑎 ~ ∙
to Sonner et al. (2015). A value of [ +]=100 mol m-3 was selected as the concentration at 𝑁𝑎 ∙
the inlet boundary condition in the simulation set-up.
The relationship between the computational domains representing the duct/garment system 
is explained in Figure 2. To represent the overlying garment, a sample of a sportswear 
compression textile was provided by Armony Fit Ltd. Microphotographs of the fabric were 
taken in order to measure the dimensions of its yarn. Two microphotographs of the yarn are 
included in Figure 2 (subplots A and B, where a 10x and a 4x zoom have been used 
respectively). The material is knitted using yarn comprised of a compound of polyester and 
Page 5 of 26 International Journal of Clothing Science and Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
International Journal of Clothing Science and Technology
6
elastomer fibres to produce a stitched layer of the garment. The material as a whole is 
permeable because of the porous nature of the yarn (grey areas in schematic of subplot B 
modelled as porous zones =0.5) and also because of the gaps between the yarns (blue areas 𝜀
modelled as free flow zones). These gaps have characteristic dimensions of =0.12 mm for 𝜆
the horizontal dimension and =0.167 mm for the vertical dimension. Consequently, the fluid ℎ
emitted from the sweat pores favours the empty space route. The position of the sensor, which 
is represented with a green solid box with no flux boundaries, is also highlighted. The sweat 
duct is shown truncated in Figure 2, which is indicated by a curved line at the bottom of the 
duct.
This model presents the following assumptions, which have proved valid however to grasp the 
general trends of the evolution of biomarker concentration at different locations within the yarn 
as described further down in this document:
 It does not include any gap between the sweat duct (i.e. the surface of the skin) and 
the garment
 It is a two-dimensional model, and therefore, the third dimension is assumed to be 
infinite. This implies that some information on corners where the porous and free flow 
zones meet is lost. 
 Only one sweat gland has been considered. The effect of a greater number of sweat 
glands must be considered in the future
 Sweat evaporation has been neglected
2.1. Description of the numerical model and underlying physics
Two modules of COMSOL Multiphysics v5.4 have been used to represent the physics of the 
problem, using a transient solver to describe the time-dependent accumulation of sweat and 
biomarkers in the garment. The transient solver had a Physics Controlled tolerance, and a 
time step of =1 s. The transient solver was used to calculate up to =3600 s flow time. First ∆𝑡 𝑡
off, the ‘Free and Porous Media Flow’ module represents the laminar flow occurring within the 
sweat duct and the dispersion of the fluid across the garment. The Navier-Stokes equation 
(i.e. the conservation of momentum) was solved in the free flow zones depicted in Figure 2B:
𝜌
∂𝒖
∂𝑡 + 𝜌(𝒖 ∙ ∇)𝒖 = ∇ ∙ [ ―𝑝𝑰 + 𝜇(∇𝒖 + (∇𝒖)𝑇)] + 𝑭, (1)
coupled with the conservation of mass equation:
𝜌∇ ∙ 𝒖 = 0, (2)
where  is the velocity vector,  is the density of the fluid,  is its dynamic viscosity,  is the 𝒖 𝜌 𝜇 𝑡
flow time,  is the identity matrix, the superscript  indicates matrix transposition, and  𝑰 𝑇 𝐹
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represents additional momentum sources, which have not been considered in this case. A 
reference temperature of 20°C was set for the calculations.
A re-formulation of the conservation of momentum and mass for porous media was used for 
the porous media areas represented in Figure 2B which model the yarn. The conservation of 
momentum reads in this case:1
𝜀𝑝
𝜌
∂𝒖
∂𝑡 + 1𝜀𝑝𝜌(𝒖 ∙ ∇)𝒖 𝟏𝜺𝒑 = ∇ ∙ [𝑝𝑰 + 𝑲] ― (µ𝜅 ―1 + 𝛽𝜀𝑝𝜌|𝒖|)𝒖, (3)
where  is the porosity of the material,  is its permeability, and  is the isothermal 𝜀𝑝 𝜅 𝛽
compressibility coefficient. The term  follows the expression:𝑲
𝑲 = µ𝜀𝑝(∇𝒖 + (∇𝒖)𝑇) ― 23µ 1𝜀𝑝(∇ ∙ 𝒖)𝑰. (4)
On the other hand, the ‘Transport of Diluted Species’ module was also implemented in order 
to account for the transport of the biomarkers. The governing equation is
∂𝑐
∂𝑡 + ∇ ∙ 𝑱 + 𝒖 ∙ ∇𝑐 = 0, (5)
where  is the concentration of the transported species and  is the flux calculated according 𝑐 𝑱
to Fick’s law ( ), being  the diffusion coefficient.𝐽 = ―𝐷∇𝑐 𝐷
The material of the porous matrix was ‘Nylon’, which is included in the COMSOL material 
database. The rest of the parameters in the simulation were left at default values.
2.2. Grid convergence study
The Richardson extrapolation [30] was applied to assess the error associated with the 
numerical mesh. All the grid levels available in COMSOL Multiphysics for a physics-controlled 
automatic meshing set-up have been considered. No extra refinement zones were added 
apart from those already implemented by the automatic mesher. The Richardson extrapolation 
establishes that the difference between the numerical solution  (obtained using a given 𝜙
computational grid) and the solution at zero grid spacing  equals a series of terms which 𝜙ℎ = 0
depend directly on the grid spacing  according toℎ
𝜙(ℎ) = 𝜙ℎ = 0 + 𝑔𝑎ℎ + 𝑔𝑏ℎ2 + 𝐻.𝑂.𝑇., (6)
where  and  are functions that do not depend on the grid spacing , and  stands for 𝑔𝑎 𝑔𝑏 ℎ 𝐻.𝑂.𝑇.
higher order terms. The Richardson extrapolation requires the use of at least three grids with 
the same refinement ratio  in both refinement steps. In these study, the three grid levels used 𝑟
correspond to the ‘Extremely Fine’, ‘Extra Fine’ and ‘Finer’ grid levels available in the 
automatic mesher. The three grids are denoted with sub-indexes from 1 (finest) to 3 (coarsest) 
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and have been highlighted in Figure 3, where the values obtained with all the meshes have 
been represented in order to highlight the grid convergence towards an asymptotic value. The 
grid refinement ratio  is obtained according to the expression𝑟
𝑟 = 𝑁1𝑁2, (7)
when using unstructured grids in two dimensions as is the case in this work.  denotes the 𝑁
number of elements of the corresponding grid level. Thus,  is an estimate of relative change 𝑟
in linear dimensions of triangular mesh elements upon refinement. Both refinement steps 
considered in this Richardson extrapolation study have a value of =1.1.𝑟21,𝑟32
The apparent order of convergence  can be calculated as𝑝
𝑝 = 1ln (𝑟12)|𝑙𝑛|𝜀32𝜀21| + 𝑞(𝑝)|, (8)
where the absolute errors are expressed as  and  and the parameter 𝜀21 = 𝜙2 ― 𝜙1 𝜀32 = 𝜙3 ― 𝜙2
 can be calculated as 𝑞(𝑠)
𝑞(𝑝) = 𝑙𝑛(𝑟𝑝21 ― 𝑠𝑟𝑝32 ― 𝑠), (9)
where .𝑠 = 𝑠𝑔𝑛𝜀32𝜀21
The values obtained using the three grid levels need to lie within the asymptotic range of 
convergence for Richardson’s theory to be legitimately applied. Figure 3 shows the trend 
followed by the concentration values obtained with all the grid levels tested, where a clear 
exponential trend can be spotted. The results approach thus an asymptotic value (the value 
at zero grid spacing ) as the number of elements in the grid  is increased. There is a 𝜙ℎ = 0 𝑁
mathematical relationship to be applied in order to ensure that the results obtained lie within 
the asymptotic range of convergence. This will be shown later on in this subsection.
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Figure 3. Results of the Richardson extrapolation grid convergence study. The red line marks 
the extrapolated asymptotic value at zero grid spacing. The black line was added as an aid to 
visualize the trend.
The three finest grid levels among all those shown in Figure 4 are used to apply the 
Richardson extrapolation. Table 2 displays the input data to the Richardson extrapolation. 
These are the values of the biomarker concentration at the skin surface at steady state using 
three grid levels as well as the number of elements of each grid level. The fine level (grid level 
1) corresponds to the ‘Extremely Fine’ option in COMSOL Multiphysics v5.4 (using the 
physics-controlled mesher). Grid level 2 and grid level 3 correspond to ‘Extra Fine’ and ‘Finer’ 
respectively. The three grid levels used here can be visualized in Figure 3 for the case with 𝑄
=5 nL min-1 at a flow time =1800 s. Table 3 gathers the values obtained from the application ∙ 𝑡
of Richardson’s theory.
Figure 4. The three meshes used to obtain the grid convergence index (GCI) in Table 3, in 
increasing order of refinement from left to right.
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Table 2. Richardson extrapolation input data.
Grid Level # Elements Biomarker Conc. 
[mol m-3]∙
1 78,050 72.00
2 63,500 71.19
3 51,660 70.22
Table 3. Richardson extrapolation output data.
Variable Value
𝑝 1.75
 [mol m-3]𝜙ℎ = 0 ∙ 76.10
 [%]𝐺𝐶𝐼12 7.12
 [%]𝐺𝐶𝐼23 8.62
Finally, it is possible to obtain the Grid Convergence Index ( ), which is a measure of the 𝐺𝐶𝐼
uncertainty introduced by the spatial discretization. The  is obtained using the following 𝐺𝐶𝐼
expression
𝐺𝐶𝐼 = 𝐹𝑠|𝜀12|(𝑟𝑝 ― 1), (10)
where  is a safety factor with a value of =1.25 when three meshes are used in the study. 𝐹𝑠 𝐹𝑠
After calculating the  one can affirm that the exact solution  equals that of the fine 𝐺𝐶𝐼 𝛷ℎ = 0
mesh (Grid-Level 1) used in the application of the Richardson extrapolation plus the 
uncertainty represented by the .𝐺𝐶𝐼
Nonetheless, there must be a relationship between the values of th   obtained at both 𝐺𝐶𝐼
refinement steps, that is, between  and , in order to legitimate the study. That 𝐺𝐶𝐼12 𝐺𝐶𝐼23
relationship is expressed in mathematical form as . The values obtained (see Table 
𝐺𝐶𝐼32
𝑟𝑝𝐺𝐶𝐼21~1
3) give rise to a value for the latter expression of =1.01, which indicates that the results 
𝐺𝐶𝐼32
𝑟𝑝𝐺𝐶𝐼21
obtained lie in the asymptotic value and the Richardson extrapolation was applied correctly.
3. Results and discussion
The main capability of this model is to provide concentration maps across the garment in order 
to determine the concentration where the biomarker sensor is to be placed, thus helping with 
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its calibration. The transient set-up also allows for determination of changes in these 
concentration profiles with time. Figure 4 displays a biomarker concentration map obtained at 
=5 nL min-1 at a flow time =1800 s. This plot allows to see that, upon discharge of the sweat 𝑄 ∙ 𝑡
flow into the garment layer, the concentration of the biomarker drops rapidly due to quasi-
spherical diffusion from the duct orifice. The effect of different diffusivity through the yarn and 
gaps in between is not observable due to a relatively long duration that allows for the 
homogenisation of the concentration distribution within the fabric. Thus, although smaller than 
within the sweat duct ( 70 in the garment against 90 in the sweat duct), the [𝑁𝑎 + ]~ [𝑁𝑎 + ]~
concentration across the garment still shows a value which is easily detectable by the sensor 
as will be discussed later on in Figure 7. Also, the near-homogeneity of the concentration 
across the garment implies that the exact positioning of the sensor will not substantially affect 
the concentration measurements. 
Figure 5. Colour map of biomarker concentration across the simulation domain for a sweat 
flow rate =15 nL min-1 at a flow time =2600 s. 𝑄 ∙ 𝑡
The plot in Figure 4 also displays the two monitor points where the concentration will be 
reported for two different purposes in the following Figures 5, 6, and 7. On the one hand, 
‘Monitor Point A’ is placed at the duct orifice and the results obtained therein will allow for 
comparison between the present simulation and the experimental set of data reported in the 
literature [29]. On the other hand, ‘Monitor Point B’ is placed in the vicinity of the void space 
that simulates the position where the biomarker sensor is to be placed (at a vertical distance 
of =0.5 mm from the skin surface where the sweat duct discharges into the garment layer). ℎ
‘Monitor point B’ has been placed sufficiently far from the discharge area in order to ensure a 
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fairly homogenous concentration. Biomarker concentration maps such as the one shown in 
Figure 4 will help with determining whether or not the sensor is capable of detecting the 
minimum concentration required to trigger an electric response, and if so, in what instant and 
upon what circumstances as discussed in the following paragraphs.
Figure 6. Plot of concentration of biomarker against flow rate for different flow times at the 
skin surface and comparison with experimental data available in the literature [29].
Figure 5 shows the biomarker concentration against sweat flow rate at the surface of the skin 
(monitor point A in Figure 4). These profiles have been analysed in the past by Sonner et al. 
[1] using an analytical model, although they did not consider the presence of an overlying 
garment in their study. The authors described the biomarker concentration as a function of 
sweat flow rate as an exponential curve. The results presented in Figure 5 have been 
compared to the experimental measurements carried out by Buono et al. [29] for validation 
purposes, which have been included in the graph along with their experimental error bars. The 
results published by Buono et al. [29] were measured in mg cm2 min-1. This was converted ∙ ∙
to nL min-1, by considering 150 sweat glands per cm2 of skin (  100 to 200 glands per cm2 ∙ ~
according to Sonner et al. [1]). Both the experimental data set and the results of the present 
simulations have the same order of magnitude. In the results from the present simulations 
however, one can observe that the biomarker concentration increases with time, whereas the 
opposite behaviour occurs for the experimental data set of Buono et al. [29]. It seems sensible 
to observe an increasing biomarker concentration during the first minutes of secretion if the 
initial concentration =0. On the other hand, the decreasing trend found for the [𝑁𝑎 +𝑡 = 0]
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experimental data set can be explained by different phenomena such as reabsorption of those 
ions into the skin due to the long exposure times considered in that study.
Figure 7. Transient evolution of the biomarker concentration at the sensor entrance (Monitor 
Point B).
Figure 6 also shows the relationship between the sweat flow rate and the biomarker 
concentration but at ‘Monitor Point B’ instead. The calibration data for the sensor presented 
by Wujcik et al. [13] has been included in the plot in order to best show the reader that the 
results gathered by way of the present numerical methodology give rise to a satisfactory 
detection with the sensor. The sensor is capable of reading sodium concentrations  [𝑁𝑎 + ]
between 5 and 60 mol m-3 regardless of the sweat flow rate. The biomarker detection area ∙
has been highlighted in the plot with light green. Said biomarker concentration range triggers 
an electric signal between 10 and 95 μA, which has also been indicated in the graph by means 
of a double blue arrow. From the results shown in Figure 6 one an infer that the current 
position of the sensor within the garment is favourable for the detection of an appropriate 
biomarker concentration after a short exposure, which in the worst case scenario is a flow time 
400 s at approximately a sweat flow rate 7 nL min-1𝑡~ 𝑄~ ∙
Figure 7 on the other hand, shows the trasient behaviour of the biomarker concentration at 
four different sweat flow rates =1, 5, 10, 20 nL min-1 and up to =3600 s (one hour) flow 𝑄 ∙ 𝑡
time. This plot highlights the already mentioned lag between the concentration observed at 
both monitor points and helps with determinining more directly the instant at which the 
biomarker concentration is enough to trigger an electric response in the sensor.   
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Figure 8. Transient evolution of the biomarker concentration at two monitoring points, 
namely the skin surface and the sensor entrance.
4. Summary and conclusions
This work presents, to the best of our knowledge, the first numerical simulation of sweat 
secretion and distribution along the sweat duct and an overlying garment using Computational 
Fluid Dynamics. The overlying garment has been represented as a sequence of porous areas 
(the yarns that compose the garment) and free flow zones (the gaps between those yarns) 
according to microphotographs of textiles provided by a compression garment manufacturer. 
The objective of the simulation is to obtain biomarker concentration maps which will help to 
correctly predict whether or not previously studied sweat sensors reported in the literature are 
capable of detecting the minimal concentration needed in order to trigger an electric signal 
response. The simulation results (biomarker concentration at the skin surface) have been 
compared successfully to experimental data already published in the literature by Buono et al. 
[29]. Moreover, the time evolution of the biomarker concentration as a function of the flow rate 
follows the theoretical trend pointed out Sonner et al. [1]. After successful comparison to 
available data, the transient simulation approach used here allows for determination of the 
concentration of biomarkers at any position within the garment at any instant. The position of 
a sweat-collecting sensor has been represented in the simulation set-up by means of a solid 
area where no flow is allowed. The biomarker concentration at the solid zone walls is assumed 
to be the concentration that reaches the sensor. 
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Transient concentration profiles at the discharging end of the and the sensor are subsequently 
obtained. If one considers the nylon-6/MWNT/calixarene sensor studied by Wujcik et al. [20] 
for the detection of the concentration of Na+, then an electric signal response between 10 and 
95 μA can be triggered for Na+ concentrations ranging between 5 and 60 mol m-3, which ~ ∙
have been observed at the sensor inlet at all sweat flow rates after a small amount of 
simulation flow time. 
In conclusion, this model can therefore be used for sensible selection of sweat analysing 
sensors and for determining the best placement within an overlying garment. Future research 
plans include a set of experimental tests to ratify the trends and orders of magnitude 
suggested by the present model, hence advancing the development of smart clothing with big 
impact on the leisure and medical industry
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Figure 1: Schematic illustration of a sweat duct on the left-hand side [1], and the part of the computational 
domain representing it in the present model on the right-hand side. The latter has been depicted in three-
dimensions for best visualization. Also note that the overlying garment is not shown in the schematic on the 
right-hand side. 
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Figure 2. Subplot A shows a microphotograph of the top view of the garment fabric (10x zoom). Subplot B 
depicts the relationship between the two-dimensional computational domain and the garment 
(microphotograph at a 4x zoom). Subplot C shows the boundary conditions of the geometry ensemble sweat 
duct plus garment. 
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Figure 3: Results of the Richardson extrapolation grid convergence study. The red line marks the 
extrapolated asymptotic value at zero grid spacing. The black line was added as an aid to visualize the 
trend. 
Page 21 of 26 International Journal of Clothing Science and Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
International Journal of Clothing Science and Technology
 
Figure 4: The three meshes used to obtain the grid convergence index (GCI) in Table 3, in increasing order 
of refinement from left to right. 
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Figure 5: Colour map of biomarker concentration across the simulation domain for a sweat flow rate Q=15 
nL∙min-1 at a flow time t=2600 s. 
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Figure 6: Plot of concentration of biomarker against flow rate for different flow times at the skin surface and 
comparison with experimental data available in the literature [29]. 
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Figure 7: Transient evolution of the biomarker concentration at the sensor entrance (Monitor Point B). 
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Figure 8: Transient evolution of the biomarker concentration at two monitoring points, namely the skin 
surface and the sensor entrance. 
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